[reactive oxygen species]{.smallcaps} (ROS) are highly reactive molecules, generated as a result of reduction of oxygen by electrons, which can act as signaling mediators of normal cellular function. They are primarily released by the mitochondrial electron transport chain, although other important cellular sources of ROS include the peroxisomes and NADPH oxidases ([@B18]). Cellular ROS are maintained at normal levels by enzymatic and nonenzymatic antioxidant mechanisms. Manganese superoxide dismutase (MnSOD) and catalase are key enzymatic antioxidants, protecting cells from mitochondrial and peroxisomal ROS, respectively ([@B35]). If ROS levels are high enough to overwhelm the antioxidant defenses or if the antioxidant protective mechanisms are compromised, then the resulting oxidative stress may lead to aberrant cell signaling through oxidative modification of redox-sensitive signaling proteins ([@B18]). Such proteins include proinflammatory transcription factors and kinases such as NF-κB, activating protein-1 (AP-1), and MAPKs ([@B40]). Oxidant/antioxidant imbalance is believed to be a key pathogenic factor in chronic inflammatory airway diseases such as asthma and chronic obstructive pulmonary disease (COPD) ([@B31]).

Elevated expression of the immunomodulatory and fibrogenic cytokine transforming growth factor-β (TGF-β) is evident in the airway smooth muscle (ASM) of asthmatic and COPD patients ([@B50], [@B54]). TGF-β is a key factor contributing to the abnormal ASM function in asthma and COPD by inducing ASM cell proliferation, hypertrophy, and release of angiogenic, fibrogenic, and inflammatory mediators ([@B9], [@B20], [@B43], [@B54], [@B57]). TGF-β transduces its effects through binding to specific serine/threonine kinase receptors. The signaling cascade is initiated by binding of TGF-β to a type II TGF-β receptor (TβRII), leading to formation of a complex with type I TβR (TβRI) and subsequently activation of TβRI serine/threonine kinase. Activated TβRI kinase phosphorylates Smad2 and -3, which then form a complex with Smad4 and translocate to the nucleus where they modulate gene transcription. Smad2 and -3 can both induce or inhibit gene expression depending on complexes they form with coactivator or corepressor proteins and transcription factors ([@B14]). The pathway is subject to negative-feedback regulation by the inhibitory Smad7, whose expression is induced by TGF-β through Smad3 activation ([@B37]). Interplay of Smad proteins with other signaling molecules such as the phosphatidylinositol 3-kinase (PI3Ks) and MAPKs increases the complexity of TGF-β-mediated responses ([@B15]).

An important inflammatory effect of TGF-β on ASMCs is the induction of IL-6 release ([@B16]). IL-6 acts on ASMCs to induce the release of eotaxin and VEGF and is also involved in ASMC-mediated activation of mast cells ([@B1], [@B24]). TGF-β induces many of its effects on different cell types by activation of redox-dependent signaling pathways ([@B10], [@B23], [@B25]). TGF-β induces intracellular ROS release in ASMCs through upregulation of the Nox catalytic subunit \[NADPH oxidase 4 (Nox4)\], leading to hyperplasia and hypertrophy ([@B46]), while it acts as an inhibitor of antioxidant and cytoprotective genes in liver and kidney cells ([@B2], [@B28], [@B42]). Therefore, we hypothesized that TGF-β disrupts oxidant/antioxidant balance and induces proinflammatory effects in ASMCs, by activating redox-dependent signaling pathways. To address this hypothesis we examined the effect of TGF-β on the expression of the pro-oxidant enzyme Nox4, the antioxidant enzymes MnSOD and catalase, as well as IL-6 release. We investigated the role of Nox4 and of the Smad and PI3K pathways in mediating these effects. We investigated the effect of antioxidant compounds on these effects, to determine whether they are mediated by redox-dependent pathways.

MATERIALS AND METHODS
=====================

### Reagents and antibodies.

Recombinant human TGF-β~1~ was purchased from R&D Systems Europe (Abingdon, UK). *N*-acetyl-cysteine (NAC), ebselen, and methylthiazolyldiphenyl-tetrazolium bromide (MTT) were purchased from Sigma (Paisley, UK), and the PI3K inhibitor LY294002 was purchased from Merck (Beeston, UK). Antibodies against human Nox4, MnSOD, catalase, phospho-S423-S425-Smad3, total Smad3, and β-actin were purchased from AbCam (Cambridge, UK).

### ASM cell isolation and culture.

ASM cells (ASMCs) were dissected from main or lobar brochus removed from healthy transplant donor lungs and were cultured in DMEM supplemented with 4 mM L-glutamine, 20 U/l penicillin, 20 μg/ml streptomycin, and 2.5 μg/ml amphotericin B and 10% FBS. Presence of ASMCs was confirmed by identifying the characteristic hill and valley morphology using light microscopy. Cell stocks were kept in 150 cm^2^ flasks at 37°C, 5% CO~2~, and humidified atmosphere. Cells between *passages 3* and *6* were used for experiments. Tests to rule out the presence of mycoplasmal contamination were not performed. Before treatment, cells were incubated for 24 h in serum free medium containing phenol-free DMEM supplemented with 1 mM sodium pyruvate, 4 mM L-glutamine, 1:100 nonessential amino acids, 1% insulin-transferrin-selenium-X supplement, 0.1% BSA, and antibiotics as described above.

### Smad virus transduction.

Adenoviral Smad constructs carrying the vector expressing Flag-tagged Smad2, Smad3, Smad7, dominant-negative Smad3 (dn-Smad3), or β-galactosidase (null virus) were a kind gift from Dr. A. Moustakas, Ludwig Institute for Cancer Research (Uppsala, Sweden). Virus stocks were diluted in 10% FBS/DMEM to a multiplicity of infection (MOI) of 30 (30 virus particles/per cell) before infection of ASMCs. This dose of virus had no effect on cell viability, and ∼95% transduction efficiency in ASMCs was obtained as detected by green fluorescent protein expressing adenovirus ([@B6]). Cells were infected with the virus at MOI 30 for 24 h at 37°C, 5% CO~2~, and humidified atmosphere and then serum deprived for a further 24 h before stimulation with TGF-β for the indicated periods.

### Small interfering RNA transfection.

ASMCs were transiently transfected with nontargeting small interfering RNA (siRNA) or Nox4 siRNA (Dharmacon, Lafayette, CO) for 18 h using Amaxa nucleofection (Lonza AG, Cologne, Germany). After the transfection, ASMCs were serum deprived for 6 h and incubated with TGF-β (1 ng/ml) for a further 48 h.

### Intracellular ROS detection.

Intracellular ROS production was determined by 2′-7′- dichlorodihydrofluorescein diacetate (DCF-DA) staining. After stimulation, the medium was removed and the cells were washed with Kreb\'s-Ringer-HEPES (KRH) solution containing (in mM) 129 NaCl, 5 NaHCO~3,~ 4.8 KCl, 1.2 KH~2~PO~4,~ 1 CaCl~2,~ 1.2 MgCl~2,~ 2.8 glucose, 10 HEPES, 4 L-glutamine (pH 7.4) and incubated with 10 μM DCF-DA (Invitrogen) for 30 min in serum-free DMEM. At the end of the incubation period, the DCF-DA solution was removed and replaced with KRH solution. Fluorescence was measured using a microplate fluorescence reader at excitation wavelength of 485 nm and emission wavelength of 530 nm. To control for the mitogenic activity of TGF-β, relative fluorescence units were normalized to changes in cell number as determined by MTT assay.

### cDNA preparation and real-time PCR.

Total RNA was isolated from ASMCs by using the RNeasy Mini Kit (Qiagen, West Sussex, UK) and reverse transcribed with random primers and AMV reverse transcriptase (Promega, Southampton, UK). mRNA expression was quantified by means of quantitative real-time PCR (Rotor Gene 3000; Corbett Research, Sydney, Australia) with SYBR Green PCR Master Mix Reagent (Qiagen, UK). Specific primers for Nox4, catalase, MnSOD, and 18S were designed according to their published sequences using the GenScript online primer design software and synthesized by Sigma-Genosys. The primer specificity was assessed by using the BLAST software. Melting curve analysis and agarose gel electrophoresis were carried out to ensure the presence of one specific PCR product. The sequences of the gene specific primer sets were: Nox4, 5′-TCTGGCTCT-CCATGAATGTC-3′ and 5′CTGCTTGGAACCTTCTGTGA-3′; MnSOD, 5′ACAGG CCTTATTCCACTGCT-3′ and 5′-CAGCATAACGATCGTGGTTT-3′; catalase, 5′-TAAGACTGACCAGGGCA-TC-3′ and 5′-CAAACCTTGGTGAGATCGAA-3′; 18SrRNA, 5′-CTTAGAGGGACAAGTGGCG-3′ and 5′-ACGCTGAGCCAGTCAGTGTA-3′. Data from the reaction were analyzed by using the computer software Rotor-Gene6 (Corbett Research) using a standard curve. Relative abundance of gene expression was normalized to 18S rRNA expression.

### Western blotting.

Total cell protein was extracted with RIPA buffer containing (in %) 1 Igepal CA-630, 0.5 sodium deoxycholate, and 0.1 SDS in PBS (pH 7.4) containing 1 mM PMSF and protease inhibitor cocktail (Roche Applied Science). Protein extracts (20 μg/lane) were fractionated by SDS-PAGE on a 4--12% bis-tris precast gel (Invitrogen) and then transferred to a nitrocellulose membrane (Amerham Biosciences). The membrane was blocked with 5% non-fat dry milk in Tris-buffered saline containing 0.1% Tween (TBS-Tween) for 1 h at 4°C, followed by overnight incubation with the primary antibody in 5% milk at 4°C. The membranes were then washed with TBS-Tween and incubated with anti-rabbit- horseradish peroxidase antibody in 5% milk for 45 min at room temperature and visualized by incubating with ECL solution (Amersham Biosciences). Band densities were quantified by scanning densitometric analysis. Protein loading was controlled for by normalizing to β-actin levels.

### Chemokine release.

Measurement of IL-6 concentrations in supernatants was performed using an ELISA (R&D Systems, Abingdon, UK), according to the manufacturer\'s instructions.

### Statistical analysis.

Data are expressed as means ± SE. Results were analyzed using one-way ANOVA for repeated measures, followed by Dunnet post hoc test to determine differences between treatment groups.

RESULTS
=======

### Effect of TGF-β on Nox4, MnSOD and catalase expression, and IL-6 release.

Stimulation with TGF-β for 24 h increased Nox4 mRNA expression in a concentration-dependent manner. Significant induction of Nox4 mRNA was observed at 1 ng/ml and reached maximal levels at 5 ng/ml ([Fig. 1*A*](#F1){ref-type="fig"}). A fourfold increase in Nox4 mRNA was observed as early as 2 h after TGF-β (1 ng/ml) stimulation. The increase in Nox4 mRNA peaked after 24 h (∼35-fold) but remained elevated at 48 h ([Fig. 1*B*](#F1){ref-type="fig"}). In agreement with the changes in mRNA, TGF-β led to an elevation in Nox4 protein levels between 48 and 96 h poststimulation ([Fig. 1](#F1){ref-type="fig"}, *C* and *D*).

![The effect of transforming growth factor (TGF)-β on NADPH oxidase 4 (Nox4) expression. *A* and *B*: abnormal airway smooth muscle cells (ASMCs) were stimulated with TGF-β (*A*; 0.1--10 ng/ml) for 24 h or with TGF-β (*B*; 1 ng/ml) for different times over a 48-h period. Data are expressed as fold change in Nox4 mRNA normalized to 18S rRNA with respect to unstimulated cells (Unstim). *C* and *D*: ASMCs were incubated with TGF-β (1 ng/ml) for different times over a 96-h period. Nox4 protein expression was determined in whole cell lysates by Western blotting (*C*), and band densities were measured by densitometric analysis (*D*). For each time point data are expressed as fold change in Nox4 protein expression normalized to β-actin expression, with respect to unstimulated control. In *C* the samples were loaded on the gel in a different order. For simplicity, the picture of the blot has been cut and rearranged so that the treatment times are in ascending order. Bars represent means ± SE of 3 ASMC donors (*A*), 8 ASMC donors (*B*), and 3 ASMC donors (*C*). \**P* \< 0.05; \*\**P* \< 0.01 compared with unstimulated control.](zh50021158150001){#F1}

In contrast with its effect on Nox4 expression, TGF-β strongly inhibited MnSOD and catalase mRNA in a concentration and time-dependent manner. For both enzymes, significant inhibition was observed at 0.1 ng/ml, whereas maximal inhibition was observed at 10 ng/ml ([Fig. 2*A*](#F2){ref-type="fig"}). Maximal inhibition of catalase mRNA occurred 24 h poststimulation, whereas maximal inhibition of MnSOD occurred after 8 h. The mRNA expression of both enzymes was reduced by ∼50% after 24 h stimulation ([Fig. 2*B*](#F2){ref-type="fig"}). Consistent with the observed reduction in mRNA expression, TGF-β (1 ng/ml) inhibited catalase and MnSOD protein expression in a time-dependent manner, with maximum inhibition occurring after 72 h stimulation. Maximum inhibition was ∼70% for catalase and 40% for MnSOD ([Fig. 2](#F2){ref-type="fig"}, *C* and *D*).

![The effect of TGF-β on catalase and manganese-superoxide dismutase (MnSOD) expression. *A* and *B*: ASMCs were stimulated with TGF-β (*A*; 0.1--10 ng/ml) for 24 h or TGF-β (*B*; 1 ng/ml) for different times over a 24-h period. Data are expressed as fold change in mRNA expression normalized to 18S rRNA with respect to unstimulated cells. *C* and *D*: ASMCs were incubated with TGF-β (1 ng/ml) for different times over a 72-h period. MnSOD and catalase protein expression was determined in whole cell lysates by Western blotting (*C*), and band densities were measured by densitometric analysis (*D*). For each time point, data are expressed as fold change in protein expression normalized to β-actin expression, with respect to unstimulated control. Bars represent means ± SE of 3 ASMC (*A*), 5 ASMC donors (*B*), and 6 ASMC donors (*C*). \**P* \< 0.05 and \*\**P* \< 0.01 compared with unstimulated control.](zh50021158150002){#F2}

In agreement with the observed changes in oxidant/antioxidant enzyme expression, stimulation with TGF-β (1 ng/ml) for 24--72 h led to an increase in intracellular ROS levels as determined by DCF-DA staining ([Fig. 3*A*](#F3){ref-type="fig"}), demonstrating pro-oxidant consequences of TGF-β in ASMCs. Moreover, stimulation with TGF-β (1 ng/ml) for 15--240 min led to increased intracellular ROS levels, peaking at 30 min and 240 min poststimulation, indicating that TGF-β induces both early and late ROS release ([Fig. 3*B*](#F3){ref-type="fig"}). Changes in the oxidant/antioxidant balance and increased intracellular ROS release were accompanied by an increase in IL-6 production 24--72 h after TGF-β stimulation (data not shown). Therefore, TGF-β drives ASMCs toward a pro-oxidant and proinflammatory phenotype.

![Effect of TGF-β on intracellular reactive oxygen species (ROS) levels and IL-6 release. ASMCs were incubated with TGF-β (1 ng/ml) for different times over a 72-h period (*A*) or 240-min period (*B*). At the end of the stimulation period cells were incubated with 2′-7′-dichlorodihydrofluorescein diacetate (10 μM) and fluorescence was measured at 485/530 nm and normalized to changes in cell number as determined by methylthiazolyldiphenyl-tetrazolium bromide assay. Data shown represent relative fluorescence units normalized for cell number and are expressed as fold change with respect to unstimulated control. Bars represent means ± SE of 3 ASMC donors (*A*) and 5 ASMC donors (*B*). \**P* \< 0.05 and \*\**P* \< 0.01 compared with unstimulated control.](zh50021158150003){#F3}

### Role of Smad-dependent pathways in the modulation of Nox4, catalase and MnSOD expression, and IL-6 release.

To determine whether the changes in oxidant/antioxidant enzymes and IL-6 release induced by TGF-β are mediated by common signaling mechanisms, the role of Smad proteins in these effects was investigated. We confirmed the activation of Smad-dependent signaling, by determining the effect of TGF-β on Smad3 phosphorylation in whole cell lysates. TGF-β (1 ng/ml) strongly increased Smad3 phosphorylation in a time-dependent manner, peaking after 30 min, but remaining elevated after 24 h stimulation ([Fig. 4*A*](#F4){ref-type="fig"}).

![Role of Smad-dependent signaling in the regulation of Nox4, MnSOD, catalase expression, and IL-6 release by TGF-β. *A*: effect of TGF-β on Smad3 phosphorylation over time. ASMCs were treated with TGF-β (1 ng/ml) for different times over a 24-h period. Phosphorylated and total Smad3 protein expression was determined in whole cell lysates by Western blotting. The blot is representative of experiments on 4 ASMC donors. *B*--*D*: ASMCs were infected with null virus (Null), wt-Smad2 (S2), wt-Smad3 (S3), wt-Smad7 (S7), or dn-Smad3 (dn-S3) adenoviral constructs for 72 h and stimulated with TGF-β (1 ng/ml) for the last 24 h of the infection period. Data are expressed as fold change in Nox4 (*B*), catalase (*C*), MnSOD (*D*) mRNA expression, and IL-6 release (*E*) with respect to null virus control. Bars represent means ± SE of 3 ASMC donors. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001 compared with null; \#*P* \< 0.05 and \#\#*P* \< 0.01 compared with null, TGF-β-stimulated cells.](zh50021158150004){#F4}

We studied the role of Smad signaling in the regulation of Nox4, catalase, MnSOD gene expression, and IL-6 release using adenoviral constructs expressing wild-type Smad2, -3, -7, and the mutant dn-Smad3 genes. Overexpression of Smad3 in unstimulated cells led to a fivefold increase in Nox4 mRNA levels, whereas overexpression of Smad2, -7, or dn-Smad3 had no effect. Consistent with this finding, overexpression of dn-Smad3 or Smad7 inhibited TGF-β (1 ng/ml)-induced upregulation of Nox4 mRNA ([Fig. 4*B*](#F4){ref-type="fig"}). In contrast, overexpression of Smad3 in unstimulated cells led to an ∼50% reduction in catalase mRNA, whereas dn-Smad3 or Smad7 partially reversed TGF-β-mediated inhibition of catalase mRNA ([Fig. 4*C*](#F4){ref-type="fig"}). Similarly, overexpression of Smad3 induced a ∼25% decrease in MnSOD mRNA in unstimulated cells, whereas TGF-β (1 ng/ml)-mediated inhibition of MnSOD was partly reversed by dn-Smad3 and completely reversed by Smad7 ([Fig. 4*D*](#F4){ref-type="fig"}). Furthermore, overexpression of Smad3 in unstimulated cells induced IL-6 release, whereas overexpression of dn-Smad3 or Smad7 inhibited TGF-β-induced IL-6 release ([Fig. 4*E*](#F4){ref-type="fig"}). Interestingly, the effect of TGF-β on Nox4, catalase and MnSOD mRNA, and IL-6 release in cells overexpressing wt-Smad3 was not augmented possibly because of maximal activation of the pathway. Our data show that activation of Smad3 downstream of TGF-β leads to the associated changes in oxidant/antioxidant enzyme expression and IL-6 release.

### Role of PI3K-dependent pathways in the regulation of Nox4, catalase and MnSOD expression, and IL-6 release.

PI3Ks are another important downstream target of TβR1 and mediate several effects of TGF-β on ASMCs. The pan-PI3K inhibitor LY294002 significantly inhibited TGF-β-induced Nox4 mRNA expression ([Fig. 5*A*](#F5){ref-type="fig"}) and IL-6 release ([Fig. 5*B*](#F5){ref-type="fig"}) but did not reverse TGF-β-mediated inhibition of catalase and MnSOD mRNA expression ([Fig. 5](#F5){ref-type="fig"}, *C* and *D*). Thus PI3K is required for augmentation of pro-oxidant enzyme expression and cytokine release, but not the suppression of antioxidant enzyme expression, indicating that these pathways are not necessarily coregulated.

![Role of phosphatidylinositol 3-kinase (PI3K)-dependent signaling in the regulation of Nox4, MnSOD and catalase mRNA expression, and IL-6 release by TGF-β. ASMCs were pretreated with LY294002 (1--10 μM) for 1 h and then incubated with TGF-β (1 ng/ml) for 24 h. Nox4 (*A*), MnSOD (*C*), and catalase (*D*) mRNA expression was determined by real-time PCR and expressed as fold change with respect to unstimulated control. IL-6 release (*B*) was determined by ELISA. Bars represent means ± SE of 4 ASMC donors \*\**P* \< 0.01 compared with unstimulated control; \#*P* \< 0.05 and \#\#*P* \< 0.01 compared with TGF-β-stimulated cells.](zh50021158150005){#F5}

### Role of ROS in TGF-β-induced regulation of oxidant/antioxidant enzyme expression and IL-6 release.

The role of redox-dependent mechanisms in the modulation of Nox4 and MnSOD and catalase expression, as well as in the release of IL-6 in response to TGF-β, was investigated using the antioxidant NAC. NAC (10 mM) inhibited TGF-β-induced Nox4 mRNA expression ([Fig. 6*A*](#F6){ref-type="fig"}) and reversed the inhibitory effects of TGF-β on MnSOD ([Fig. 6*B*](#F6){ref-type="fig"}) and catalase mRNA expression ([Fig. 6*C*](#F6){ref-type="fig"}). Finally, NAC (1--10 mM) strongly inhibited TGF-β (1 ng/ml)-induced IL-6 release ([Fig. 6*D*](#F6){ref-type="fig"}). To determine at which point in the TGF-β-mediated pathways this inhibitory effect occurs, the effect of NAC (10 mM) on TGF-β-induced Smad3 phosphorylation was determined. NAC inhibited TGF-β (1 ng/ml)-induced Smad3 phosphorylation by ∼50% ([Fig. 6*E*](#F6){ref-type="fig"}). To confirm that the effects of NAC are due to its ROS-scavenging capacity, we determined the effect of another antioxidant compound ebselen (40 μM) on TGF-β (0.25--1 ng/ml)-mediated Smad3 phosphorylation. Ebselen led to an approximate fivefold inhibition of Smad3 phosphorylation ([Fig. 6*F*](#F6){ref-type="fig"}), suggesting that a redox-dependent activation of Smad3 is involved in the disruption in oxidant/antioxidant enzyme expression and induction of IL-6 release by TGF-β.

![Effect of the antioxidant *N*-acetyl-cysteine (NAC) on the regulation of Nox4, MnSOD and catalase mRNA expression, and IL-6 release by TGF-β. *A*--*D*: AMSCs were pretreated with NAC (1--10 mM) for 1 h and then incubated with TGF-β (1 ng/ml) for 24 h. Nox4 (*A*), MnSOD (*B*) and catalase (*C*) mRNA expression, and IL-6 release (*D*) were determined. *E* and *F*: ASMCs were pretreated with NAC (10 mM; *E*) or ebselen (40 μM; *F*) for 1 h and then stimulated with TGF-β (0.25--1 ng/ml) for 15 min. Phosphorylated and total Smad3 protein expression was determined in whole cell lysates by Western blotting. Data are expressed as fold change in phosphorylated-Smad3 protein expression normalized to total Smad3 expression, with respect to unstimulated control. In the experiments using ebselen, the effect of different concentrations (10, 20, and 40 μM) of the antioxidant on Smad3 phosphorylation was determined. Due to their large number the samples were loaded on 2 different gels. For simplicity only the sections of the blots showing the effect of control and 40 μM of ebselen are depicted in *F*. Bars represent means ± SE of 3 ASMC donors. \**P* \< 0.05 and \*\**P* \< 0.01 compared with unstimulated control; \#*P* \< 0.05 and \#\#*P* \< 0.01 compared with TGF-β (1 ng/ml)-stimulated cells; \$*P* \< 0.01 compared with TGF-β (0.25 ng/ml)-stimulated cells.](zh50021158150006){#F6}

### Role of Nox4 in TGF-β-induced regulation of antioxidant enzyme expression and IL-6 release.

The role of Nox4 in the inhibition of MnSOD and catalase expression, as well as in the induction of IL-6, was investigated by using Nox4 siRNA. Nox4 siRNA (250 nM) strongly inhibited TGF-β (1 ng/ml)-induced Nox4 mRNA and protein ([Fig. 7](#F7){ref-type="fig"}, *A* and *B*). The inhibition of Nox4 partially prevented the inhibition of MnSOD by TGF-β although it did not have any significant effect on the modulation of catalase and IL-6 expression ([Fig. 7*C*](#F7){ref-type="fig"}). Thus the induction of Nox4 amplifies the inhibitory effect of TGF-β on MnSOD expression.

![Effect of Nox4 small-interfering RNA (siRNA) on the regulation of MnSOD, catalase, and IL-6 expression by TGF-β. AMSCs were transfected with Nox4 siRNA (250 nM) for 18 h, serum deprived for 6 h, and then incubated with TGF-β (1 ng/ml) for 48 h. Nox4 mRNA was determined by real-time PCR (*A*), and protein was determined in whole cell extracts by Western blotting (*B*). MnSOD, catalase, and IL-6 (*C*) mRNA were determined by real-time PCR. mRNA data were expressed as fold change with respect to unstimulated control. Bars represent means ± SE of 4 ASMC donors. \**P* \< 0.05 and \*\**P* \< 0.01 compared with unstimulated control; \#*P* \< 0.05 compared with TGF-β (1 ng/ml)-stimulated cells.](zh50021158150007){#F7}

DISCUSSION
==========

We have shown that TGF-β increases the expression of the Nox catalytic subunit Nox4 while at the same time inhibits the expression of the antioxidants MnSOD and catalase in human ASMCs. Deregulation of the endogenous oxidant/antioxidant balance by TGF-β leads to elevated intracellular levels of ROS and is accompanied by increased IL-6 release. Activation of Smad3 is involved in driving the pro-oxidant and proinflammatory effects of TGF-β in ASMCs. On the other hand, activation of the PI3K pathway is involved in the induction of Nox4 expression and IL-6 release but does not appear to be involved in the inhibition of antioxidant enzymes. Moreover, the antioxidant NAC prevents the disruption in oxidant/antioxidant enzyme balance and attenuates IL-6 release in response to TGF-β through inhibition of Smad3 activation. Our findings, summarized in [Fig. 8](#F8){ref-type="fig"}, demonstrate an important role for TGF-β/Smad/PI3K signaling in the induction of oxidative stress and inflammatory mediator release in human ASMCs. Moreover, they suggest a potential role of NAC in preventing these effects by specifically targeting the TGF/Smad pathway.

![Schematic summary of the proposed mechanism for TGF-β-mediated regulation of oxidant/antioxidant balance and IL-6 release in ASMCs. Early release of ROS in response to TGF-β activates the Smad pathway leading to upregulation of Nox4 and IL-6 expression and downregulation of catalase and MnSOD expression. Activation of PI3K also contributes to the upregulation of Nox4 and IL-6. The upregulation of Nox4 may also contribute to the regulation of MnSOD expression but not of catalase or of IL-6. The resulting oxidant/antioxidant imbalance leads to increased levels of intracellular ROS.](zh50021158150008){#F8}

Our data confirm previous findings in ASMCs, vascular smooth muscle cells (VSMCs), and cardiac fibroblasts, showing specific induction of Nox4 expression in response to TGF-β ([@B10], [@B45], [@B46]). The differences in the magnitude of induction of Nox4 mRNA observed between experiments are likely to be the result of the variability between the different subjects and not due to experimental conditions. We extend the above studies to show that the increase in Nox4 expression is accompanied by a decrease in the expression of the antioxidant enzymes catalase and MnSOD. These findings are in agreement with previous reports in fibroblasts and hepatocytes showing inhibition of antioxidant enzyme activity and expression ([@B30], [@B34]). Taking these findings together, we can deduce that TGF-β leads to an increase in Nox4-dependent ROS release while at the same time compromises the protection against mitochondrial and peroxisomal derived ROS by inhibiting the expression of MnSOD and catalase, respectively. This is supported by our findings showing increased intracellular ROS in response to TGF-β in the same time frame as the observed changes in pro- and antioxidant enzyme expression. Considering that DCF-DA can be oxidized by a number of oxidative/nitrosative species, these findings show an increase in the general oxidant status of ASMCs in response to TGF-β ([@B22]). Moreover, there is evidence in VSMCs demonstrating an inhibitory effect of catalase and MnSOD on cell proliferation, suggesting that their downregulation by TGF-β may amplify the proliferative effect Nox4 on ASMCs ([@B32], [@B33]). Our results demonstrate for the first time the ability of TGF-β to induce the release of ROS while at the same time inhibiting the expression of antioxidant enzymes in ASMCs. This observation provides an important new insight into the cellular mechanisms leading to the pro-oxidant effects of TGF-β in ASMCs.

Activation of Smads and particularly Smad3 has been implicated in the induction of oxidative stress in different cell types ([@B2], [@B4], [@B46]). We showed that overexpression of wt-Smad3 in unstimulated cells induces Nox4 expression and IL-6 release, whereas it inhibits MnSOD and catalase expression, thus mimicking the effect of TGF-β. Moreover, expression of the inactive dn-Smad3 prevented the effects of TGF-β on oxidant/antioxidant gene expression and IL-6 release, directly implicating Smad3 in the mediation of these effects. Overexpression of Smad7 reversed the effects of TGF-β on Nox4, catalase and MnSOD expression, and IL-6 release, consistent with its role as an endogenous inhibitor of Smad signaling ([@B37]). Since TGF-β induces Smad7 expression, this may provide a mechanism to prevent excessive accumulation of ROS and release of IL-6 in ASMCs through negative-feedback regulation. Unexpectedly, the effect of TGF-β on the modulation of oxidant/antioxidant enzymes and the induction of IL-6 release was not augmented in cells overexpressing Smad3. On the contrary, the effect of TGF-β on Nox4 mRNA and IL-6 release was attenuated. This unexpected result is possibly due to induction of the inhibitory Smad7. Smad7 gene is induced by TGF-β in a Smad2/3-dependent manner ([@B37]). Therefore, overactivation of Smad3 through overexpression and TGF-β stimulation may lead to strong upregulation of Smad7, which overwhelms the effect of TGF-β. Our data show for the first time a pivotal dual role of the TGF-β-Smad pathway in both inducing oxidative stress and inflammatory cytokine release while compromising antioxidant protection. Therefore, TGF-Smad-mediated pathways play a pivotal role in driving ASMCs toward a pro-oxidant and proinflammatory phenotype.

PI3Ks have been shown to be activated by TGF-β, leading to hyperplasia, hypertrophy, and VEGF release in ASMCs ([@B20], [@B43], [@B54]). Using the pharmacological inhibitor LY294002, we have demonstrated a role for PI3K activation in the induction of Nox4 expression in agreement with findings by Sturrock et al. ([@B46]). Moreover, we showed that LY294002 also prevents the release of IL-6 in response to TGF-β, demonstrating for the first time the involvement of PI3Ks in TGF-β-induced IL-6 release. LY294002 was effective at 5 and 10 μM, concentrations shown to potently inhibit PI3K activity in human ASMCs ([@B17]). It is possible that Smad3 and PI3K may act synergistically to induce Nox4 expression and IL-6 release. PI3K-Smad3 synergism in response to TGF-β has been reported in mesangial cells ([@B41]). The same concentrations of LY294002 failed to reverse the inhibition of catalase and MnSOD expression. These findings are in contrast with findings by Kato et al. ([@B28]), in mouse mesangial cells where a role for PI3K in TGF-β-induced inhibition of MnSOD has been demonstrated. These discrepancies may be due to cell-specific differences or due to the fact that in that study LY294002 was used at a concentration of 25 μM, at which it may have off-target effects.

The thiol-containing antioxidant NAC is known to reduce oxidative biomarkers in the airways of COPD patients ([@B13]), while in vitro studies show that it prevents oxidant-induced ASM contraction ([@B7]) and ASMC proliferation and inflammatory mediator release ([@B5], [@B51], [@B53]). NAC acts as an antioxidant by directly removing cellular ROS through its thiol group but also by acting as a precursor for glutathione biosynthesis ([@B8]). Our data suggest that NAC prevents the activation of Smad3 by TGF-β, thus attenuating the resulting imbalance in oxidant/antioxidant enzyme expression and elevated IL-6 release. The activation of Smad3 was also attenuated by ebselen, an antioxidant compound that is structurally distinct from NAC, indicating the involvement of ROS in the mediation of these effects by TGF-β. Nox4-dependent ROS have been implicated in the prolonged activation of Smad3 in cardiac fibroblasts ([@B10]). Because we have shown that TGF-β also induces increased intracellular ROS levels 15--240 min poststimulation, our data show that the initial activation of Smad3 may occur in response to a very early induction of ROS release by TGF-β. This is also supported by findings in human lung fibroblasts showing induction of ROS release occurring only minutes after TGF-β stimulation ([@B25]). Nonetheless, based on these data we cannot exclude the possibility that the inhibitory effect of NAC on TGF-β-induced IL-6 release may also be due to its effect on other redox-dependent transcription factors such as MAPKs, NF-κB, and/or AP-1 ([@B25], [@B51]). Furthermore, ROS produced in response to the changes in oxidant/antioxidant enzymes triggered by TGF-β may be involved in Smad3 activation in a positive-feedback manner, thus leading to amplification of oxidative stress. The inhibitory effect of NAC on Smad3 activation may also reflect a role of the glutathione redox status in the phosphorylation of Smad3. This is consistent with recent reports in human lung fibroblasts and bronchial smooth muscle cells, demonstrating inhibition of TGF-β-mediated fibrogenic effects by glutathione, through inhibition of Smad3 activation ([@B36]). Our findings suggest that antioxidant compounds such as NAC and ebselen can specifically prevent TGF-β from driving ASMCs toward a pro-oxidant and proinflammatory phenotype, thus indicating a potential role of these compounds in preventing aberrant ASM function in chronic inflammatory airway disease.

The involvement of Nox4 in the inhibition of MnSOD and catalase expression, and the induction of IL-6 by TGF-β, was investigated using siRNA approach. Reduction of TGF-β-mediated Nox4 expression by transfection with Nox4 siRNA was accompanied by an attenuation of TGF-β-mediated inhibition of MnSOD expression. On the other hand, the inhibition of catalase and induction of IL-6 release was not affected. This finding indicates that upregulation of Nox4 by TGF-β is directly involved in the concomitant downregulation of MnSOD. Because Nox4 protein expression is increased 48 h after stimulation, whereas MnSOD is already inhibited after 24 h, it is possible that Nox4 activity sustains rather than stimulates the inhibition of MnSOD. Moreover, our data indicate that although TGF-β-mediated regulation of catalase and IL-6 is redox-dependent these effects may depend solely on the early release of ROS leading to Smad3 activation and not on the induction of Nox4, which occurs later. Therefore, apart from its pro-oxidant effect, Nox4 also contributes to the reduction in antioxidant enzyme expression by TGF-β, thus enhancing intracellular oxidative stress.

In conclusion, our data demonstrate that TGF-β disrupts oxidant/antioxidant balance and increases IL-6 release in ASMCs, through Smad and PI3K-dependent pathways. These changes are reversed by the antioxidant NAC through inhibition of Smad3 phosphorylation. Smad3 phosphorylation is also reduced by the antioxidant ebselen, suggesting the involvement of redox-dependent mechanisms in the activation of Smad3 and consequently the mediation of oxidant/antioxidant imbalance and IL-6 release. Moreover, the induction of Nox4 was found to be functionally linked with the inhibition of MnSOD expression. These findings serve to further our understanding of the mechanisms underlying abnormal ASM function in chronic inflammatory airway disease.
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